Adult White Leghorn chickens were rendered anemic by injection with 1-acetyl-2-phenylhydrazine and then treated with parenteral 5-azacytidine, and levels of embryonic globin RNA in circulating reticulocytes were measured. A very small but detectable amount of correctly initiated embryonic p-type globin RNA was detected in reticulocytes from birds treated with 5-azacytidine, while none was detected in reticulocytes from those receiving only phenylhydrazine or phenylhydrazine plus 1-f3-D-arabinofuranosylcytosine (cytosine arabinonucleoside). An attempt to increase embryonic globin RNA induction by treatment with parenteral sodium butyrate after 7 days of 5-azacytidine administration resulted in a 5-to 10-fold increase in the level of embryonic globin RNA. However, sodium butyrate did not induce embryonic gene expression when given alone or after treatment with cytosine arabinonucleoside. Sodium butyrate treatment also caused a DNase I-hypersensitive site to be exposed at the 5' end of the p-globin gene only after 5-azacytidine induced demethylation of several CpG sites in and around the gene. (20) . In these latter studies there remains some question as to whether increased t-globin gene expression is due to gene demethylation, cell selection, or both, since 5-azacytidine is known to have a variety of toxic effects on cells, and since y-globin expression can be stimulated in adults by several types of bone marrow stress.
The chicken ,-globin gene cluster offers a useful model system to study developmental gene regulation, and in particular those features of DNA and nucleoprotein structure that differ in active versus inactive genes, since essentially pure populations of stage-specific erythroid cells can be readily isolated. The embryonic p and e globin genes are active until the fifth day of embryogenesis, but no embryonic globin is detectable in adult red cells (1) . Conversely, the adult P-globin gene is inactive until the sixth day of development. The embryonic genes are highly methylated in adult erythroid cells (2, 3) and do not have DNase I-hypersensitive sites at their 5'-proximal ends as do active adult globin genes (4) .
A number of lines of evidence suggest that DNA methylation plays an important role in higher eukaryotic gene expression (5, 6 ). An inverse correlation has been demonstrated between methylation and expression of globin and other eukaryotic genes (refs. 5-10; refs. 5 and 6 are reviews), and several studies in which cloned eukaryotic genes were methylated in vitro have demonstrated a direct inhibitory effect on transcription (11) (12) (13) (14) . In addition, a variety of studies in cell culture systems have shown that 5-azacytidine, a cytotoxic pyrimidine analog that inhibits DNA methylation, can induce cellular differentiation (15) and either directly activate (16) or allow activation of specific genes (17) . More recently it has been demonstrated that 5-azacytidine causes selectively increased expression concomitant with specific demethylation of the fetal y-globin genes in anemic baboons (18) as well as human patients with f-thalassemia (19) or sickle cell anemia (20) . In these latter studies there remains some question as to whether increased t-globin gene expression is due to gene demethylation, cell selection, or both, since 5-azacytidine is known to have a variety of toxic effects on cells, and since y-globin expression can be stimulated in adults by several types of bone marrow stress.
As part of ongoing studies aimed at elucidating mechanisms that regulate globin gene expression, we have attempted to study the effects of demethylation of embryonic globin genes in anemic adult chickens. We report here that while 5-azacytidine treatment causes nearly complete demethylation of the p embryonic globin gene in adult erythroid cells, only a minimal amount of p-globin RNA is detectable, and the surrounding chromatin structure, as assayed by DNase I digestion, does not differ from untreated controls. On the other hand, pharmacologic doses of sodium butyrate greatly increase the amount of embryonic p-globin RNA in adult reticulocytes and result in the exposure of a 5' DNase I-hypersensitive site in some of the reticulocyte nuclei, but only when the gene has first become demethylated by 5-azacytidine treatment.
MATERIALS AND METHODS

Treatment of Animals and Blood Collection. Adult White
Leghorn hens (Yoder, Kalona, IA) were rendered anemic by five daily intramuscular injections with 1-acetyl-2-phenylhydrazine (Sigma) at 20 mg/kg or by phlebotomy of 10 ml of whole blood per day to achieve a hematocrit of 18-22% (normal 35-40% (22) . The adult 83-globin 1.4-kb Msp I fragment was derived from pCAJ3G-1 (23) . Nick-translations of hybridization probes to specific activities of 2-4 x 108 cpm/,g were carried out as described (7) . The S1 nuclease protection assay probe was prepared by isolating and 5'-endlabeling the 0. (21) . Approximately 3 A260 units of nuclei were incubated at 37°C for 30 min with pancreatic DNase I (Worthington) at 0.1-2.0 mg/ml and the reactions were terminated by addition of EDTA to 0.1 M, proteinase K (Boehnrnger Mannheim) to 0.1 mg/ml, and N-lauroylsarcosine (Sigma) to 0.2%, followed by phenol extraction and ethanol precipitation of DNA. DNA samples were redissolved in distilled water and 20 Ig of each DNA was digested for 4 hr at 37°C with 100 units of restriction endonuclease HindIII (Bethesda Research Laboratories or Amersham) followed by electrophoresis in a 1.0% agarose gel in 10 mM sodium phosphate pH 7.0 buffer. The DNA was transferred to nitrocellulose filters (Schleicher & Schuell) and hybridized to specific nick-translated probes as described (7). and Hha I (G-C-G-C) sites surrounding the p-globin gene are highly methylated in adult chicken reticulocytes, while the sites in the 5' upstream putative control regions are completely unmethylated in 5-day embryonic red cells. This same pattern of extensive methylation around the p gene is seen in the red cell DNA from anemic adults treated with either phenylhydrazine alone or phenylhydrazine plus intramuscular cytosine arabinoside (3 mg/kg per day) for 7 days.
In contrast, as illustrated in Fig. 1 (lanes C), intramuscular treatment with 5-azacytidine at 3 mg/kg per day resulted in significant demethylation around the p-globin gene. Although exact quantitation is difficult, it appears that in at onstrates that there is about the same amount of adult ,3-globin RNA in samples from the butyrate-treated, 5-azacytidine-treated, or 5-azacytidine-plus-butyrate-treated birds.
The relative amounts of globin RNA resulting from each treatment were further quantitated by densitometric scanning of the autoradiograms in Fig. 3 . As shown in Fig. 4A the amount of p-globin RNA in the 5-azacytidine plus butyrate sample is about 7-fold higher than in the 5-azacytidine only sample. However, Fig. 4B illustrates that the'probe pf31.4 detects the same amount of adult 3-globin RNA in all samples. This suggests that there is no reciprocal down-regulation of the P-globin gene by-butyrate and that the differences in p-globin RNA are not due to selective loss of mRNA in the butyrate only or 5-azacytidine only samples.
Induction of the p-Globin Gene by Sodium Butyrate Is Associated with an Active Chromatin Configuration. One feature that appears to accompany and possibly precede transcriptional activation of many eukaryotic-genes is the acquisition of nuclease hypersensitivity sites in surrounding chromatin (4, 33 with adult 3globin gene expression (4) . In contrast, the 5-azacytidine plus butyrate sample demonstrates a faint but reproducible 2.2-kb subband generated by cleavage at the 5' hypersensitive site that is located within 200 bp upstream from the p-globin transcription initiation site and is charac- teristically present in active p-globin genes in 5-day embryonic red cells (4).
Since the hypersensitive site appears to be present in only a minority of the p-globin reticulocyte chromatin it is not possible to be sure that the cells that produce p-globin RNA are the same cells in which the hypersensitivity site exists. However, the appearance of the hypersensitivity site does correspond to the higher level of p-globin RNA and is detected only after both demethylation and sodium butyrate treatment. Moreover, a strong association between DNase I hypersensitivity and transcription of the chicken globin genes has been established by others (4, 21, 34, 35) .
DISCUSSION
A number of functional studies have shown that 5-azacytidine is capable of inducing gene expression and DNA demethylation (15) (16) (17) (18) (19) (20) . Our experiments demonstrate that 5-azacytidine treatment of anemic chickens causes demethylation in the majority of C-C-G-G and G-C-G-C sites in the pglobin gene in adult erythroid cells. However, it does not result in a high level of p-globin gene transcription or in the appearance of the 5' DNase I-hypersensitive site that is present in the active gene in 5- It is unlikely that the mechanism by which 5-azacytidine treatment facilitates p-globin gene expression in these studies is by nonspecific cytotoxicity, since another cytotoxic cytidine analog, cytosine arabinonucleoside, has no such effect. However, because the exact mechanism(s) of action of cytosine arabinonucleoside differs from that of 5-azacytidine apart from the effect on DNA methylation, some other unique toxic or selective effect of 5-azacytidine cannot be completely ruled out. We have found that p-globin gene demethylation and p-globin RNA in reticulocytes persist at the same level for up to 10 days after cessation of 5-azacytidine when sodium butyrate treatment is continued. Therefore the constant presence of 5-azacytidine is not necessary for continued p-globin gene activity. In summary, the induction of the normally silent embryonic p-globin gene in red cells of anemic adult chickens treated with 5-azacytidine and sodium butyrate appears to involve at least two separate steps. Although the mechanism(s) by which sodium butyrate causes increased p-globin gene expression remain to be determined, this experimental model should help improve, our understanding of the features of DNA and chromatin that are involved in differential globin gene regulation in erythroid cells in vivo and provide insight into the treatment of certain human hemoglobinopathies.
